Background. HTLV-1 infection is endemic to Central African populations. The risk factors for HTLV-1 acquisition in humans via the interspecies transmission of STLV-1 (its simian counterpart) remain largely unknown.
adults, depending on age and sex. At least 5 to 10 million people are infected with HTLV-1 worldwide [4] , and 2% to 7% will develop HTLV-1-associated disease during their lifetime. HTLV-1 displays little genetic variability, mostly due to its propagation via the clonal division of infected cells rather than reverse transcriptase-mediated viral replication [5] . Seven different molecular genotypes have been reported, mostly linked to the geographic origin of the patient: the widely disseminated transcontinental subtype A, subtypes B, D, E, F, and G present in Central Africa and subtype C, endemic to Australia and Melanesia [4, 6] . Subtypes A, B, and C are known to causes diseases including ATLL, TSP/HAM, and infective dermatitis.
HTLV-1 originated from a simian T-lymphotropic virus type 1 (STLV-1) [6] [7] [8] . This retrovirus is endemic to many species of Old World nonhuman primates (NHPs), including a number of apes and monkeys [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . ATLlike disease has been reported in some STLV-1-infected NHPs [19] . HTLV-1 is thought to have originated from STLV-1 mostly due to the strong sequence similarity found between some STLV-1 strains, including those present in Chimpanzees, Mandrills, Sooty mangabeys, and Cercopithecus . . ., and some HTLV-1 strains in humans, including hunters living in Central and West Africa [20, 21] . In most areas in which HTLV-1 is highly endemic but contact between STLV-1-infected NHPs and humans is absent or very rare (as in Japan, the Caribbean region, South America, and the Middle East), HTLV-1 is spread and maintained in the human population mostly through intrafamilial transmission (mother-to-child, or sexual intercourse between heterosexual couples). More rarely, transmission may also occur via transfusion or intravenous drug use [4] . In such regions of endemic infection, HTLV-1 is thus transmitted exclusively between humans. The situation is different in areas in which several NHP species are infected with STLV-1, such as intertropical Africa. In these regions, contact between an infected NHP (mostly during the collection and/or consumption of bush-meat) and an uninfected human may eventually lead to zoonotic STLV-1 infection. Such infections in new human hosts may also lead to a weak founder effect, through intrafamilial transmission. In these areas, it is important to evaluate the relative importance of the simian origin of HTLV-1 (by direct zoonotic transmission) in humans. Furthermore, by contrast to simian foamy viruses (SFVs), for which interspecies transmission from apes or monkeys to humans (especially after bites) is well demonstrated [22] [23] [24] [25] , precise data about STLV-1 transmission to humans remain scarce. Indeed, there is currently no strong epidemiological evidence demonstrating such zoonotic transmission of STLV-1 in natura [20, 21] . Thus, in Central Africa, the principal world area in which HTLV-1 is endemic, the relative contributions of the various routes of HTLV-1/STLV-1 transmission (interhuman vs interspecies) remain largely unexplored.
In the framework of ongoing studies, we tried to increase the knowledge of possible STLV-1 transmission from NHPs to humans in a natural setting. We studied a large population of high-risk individuals living in villages or settlements in the rainforest of South Cameroon. This region is inhabited by Bantu and Pygmy groups, who still actively hunt diverse NHP species, including chimpanzees, gorillas, Cercopithecus, Cercocebus, and mandrills. These hunters are thus frequently exposed to the body fluids of these NHPs. Furthermore; many of the NHP species living in these areas are infected with simian retroviruses, including various STLV-1 strains [10, [12] [13] [14] [15] [16] .
MATERIALS AND METHODS

Study Design and Population
We carried out a cross-sectional survey, between 2005 and 2012, in the accessible villages and settlements of a rainforest region [22] of rural Cameroon (Figure 1 ). People living in such areas may experience various degrees of exposure to NHPs during their lifetime, through hunting, butchering, and the keeping of NHPs as pets. A standardized questionnaire was used to collect personal demographic data, such as age, sex, ethnicity, and specific information about contact (especially bites) with NHPs, with a precise location and description of the circumstances in which such contact occurred. For each bitten person, we selected a subject who had never been bitten, matched for age (±4 years), sex, and ethnicity, from all the individuals enrolled in the cross-sectional survey, as a control. We collected a wholeblood sample from each consenting individual. Plasma and buffy coats were processed 48-72 hours after sampling and stored frozen at −80°C.
Ethics
This study was approved by National Ethics Committee of Cameroon and was performed in accordance with French laws and regulations [22] .
HTLV Serological Analysis by Western Blotting
Western blot was carried out on all plasma samples (HTLV BLOT 2.4, MP Biomedicals, Singapore) and interpreted according to the manufacturer's instructions.
Molecular Analysis of HTLV by Polymerase Chain Reaction
High-molecular weight DNA was extracted from peripheral blood buffy-coats. Three different PCRs were used to screen for HTLV-1 infection, as previously described [26] [27] [28] (Supplementary Table 1 ). PCR was considered positive for HTLV-1 if, at least, 1 amplification yielded a clearly detectable product with an HTLV-1-specific sequence. We also subjected 500 ng of DNA from each HTLV-1-positive sample to seminested PCR, to amplify a 522-bp region of the env gene. Another PCR amplifying a 440-bp fragment of the 5′LTR was performed, as previously described [29] . The amplified products were directly sequenced.
Phylogenetic Analyses
Two phylogenetic trees were generated from the multiple alignments of the env (519-bp) and LTR (439-bp) fragments, as described elsewhere [29] . These analyses included 23 new env and 23 new LTR sequences generated in this work and a series of prototypic HTLV-1 strain sequences available from GenBank (Supplementary Table 2 ).
Statistical Analyses
Proportions were compared between groups using χ 2 and Fisher exact tests, as appropriate, except for matched groups (bitten and not bitten), for which P values were obtained with a conditional logistic regression model. We assessed the relationship between the bite severity and the risk of viral transmission, by assigning a score of 0 to 5 to each individual, taking into account wound severity, blood loss, need for hospitalization, and presence of sequelae, such as scars and disability. A χ 2 test for trend was used to assess the increase in HTLV-1 infection risk associated with higher scores. For graphical representations, the initial wound severity scores were assigned to 4 classes: (0-1), (2), (3), (4-5), respectively. Analysis with SFV was also performed for comparison purpose. We carried out univariate and multivariate logistic regression analyses to establish the risk factors for HTLV-1 infection in the individuals with NHP bites. Data were analyzed with STATA version 10.0 (Stata Corp LP, College Station, Texas).
RESULTS
Study Population
We recruited 269 subjects that had reported being bitten by a NHP, together with an identical number of matched individuals that had no history of NHP bites (see "Materials and Methods" section). All 538 individuals lived in South Cameroon ( Figure 1 ). In each of the 2 groups (bitten and not bitten), 184 individuals were Bantus (13 women and 171 men) and 85 were Pygmies (2 women and 83 men), and the mean age was 44. Figure 2A ). The monkeys concerned belonged to various species, mostly Cercopithecus nictitans but also Cercopithecus cephus and, more rarely, baboons, mandrills, or other species. The mean age of the person at the time of the bite was 34.5 years ( Figure 2B ). Eleven subjects were bitten more than once, either by the same or by different NHP species. For these subjects, preference was given to ape bites over monkey bites in the epidemiological analysis.
Serological and Molecular Findings for HTLV-1
In this analysis, each of the 538 plasma samples was tested by Western blot: 22 subjects were HTLV-1-seropositive, 5 were HTLV seroreactive, 341 were sero-indeterminate and 170 were seronegative. The results of the 3 different PCR amplifications are shown in Table 1 . Taking all the serological and molecular results into account, 27 individuals were considered to be HTLV-1-infected (Table 1) .
HTLV-1 Infection and History of NHP Bites
HTLV-1 prevalence was 8.6% (23/269) in bitten individuals, vs 1.5% (4/269) in the matched controls (P < .001). In univariate analysis, HTLV-1 infection in bitten individuals was associated with factors such as being a Pygmy (P < .001), being bitten by an ape (P < .001), and severe bite wounds (P = .01) ( Table 2 ). Being infected with SFV was also identified as a significant risk factor (P < .001). More than half (13/23 = 56%) of the HTLV-1-infected individuals in our series were also infected with SFV. Finally, HTLV-1 infection was also found to be associated with bite severity score (% ranging from 2.1 to 14.9; P = .026) ( Figure 3A) . Interestingly, an analysis based on the same score on the same population showed SFV infection to be even more strongly associated with bite severity (% ranging from 2.1 to 37.2; P < .001) ( Figure 3B ). In multivariate analysis, two factors were identified as independently associated with HTLV-1 infection: ethnicity (OR Pygmies vs Bantus = 6.0; 95% confidence interval [CI], 2.1-17.5; P = .001); type of NHP (OR monkeys vs apes = 6.3; 95% CI, 1.7-22.5; P = .05). Although being bitten twice by a NHP was strongly associated with SFV infection (P = .008), it was only marginally associated with HTLV-1 infection (P = .06).
HTLV-1 Subtyping: Molecular Epidemiology Linking NHP and Human Strains
Amplification of the 522-bp fragment of the env gene was performed on the DNA samples from all but one of the 27 individuals infected with HTLV-1. DNA was not available for participant CH36. PCR results were positive in 24 cases (Table 1 ). An analysis of the env amplicon sequences clearly indicated that the B genotype predominated (22/24 = 92%). This finding was confirmed by phylogenetic analyses (Figure 4 and Supplementary Figure 1) . The other 2 strains obtained belonged to the rarely reported F genotype ( Figure 4 and Supplementary  Figure 1) . Indeed, they clearly clustered with the prototypic strains in the F group, with a high bootstrap (BS) value (92). All sequences obtained from individuals bitten by a gorilla (15/15), or a chimpanzee (2/2), belong to subtype B, which is known to infect these 2 species in this area. Interestingly, the 2 F-genotype strains were found in 2 individuals bitten by small monkeys. One of these individuals (Bad 22) was bitten by a Cercocebus agilis monkey, whereas the other (Bak 18) did not remember the exact species of small monkey that had bitten him 6 years previously. The 440-bp fragment of the 5′LTR was successfully amplified in 23 of 26 cases (Table 1) . Phylogenetic studies confirmed the previous findings, demonstrating that 21 strains were of the B-genotype, whereas the other 2 were of the F-genotype ( Figure 4 and Supplementary Figure 1) . Several STLV-1 sequences from Central Africa were available from GenBank and were used for comparison. Some of the HTLV-1 strains present in the hunters of our study were very closely related to STLV-1 strains from NHPs living in Southern Cameroon. This suggested probable cross-species transmission events, particularly for subjects Bad 352, Bobak 153, and Bad 22. Indeed, in Bad 352, a man bitten by a gorilla, the nucleotide sequence of HTLV-1 displayed 99.5% identity to the sequence of the most closely related STLV-1 from a gorilla for the LTR and 99.4% identity for the env gene. Bad 22 was bitten by a C. agilis monkey and was infected with an F genotype virus. The HTLV-1 sequence for this individual was 99.3% identical to the STLV-1 sequence of C. agilis specimens from this area for the LTR and 99.4% identical for the env fragment.
Study of Mothers of HTLV-1 Infected Hunters
We identified the mothers of HTLV-1-infected individuals, whenever possible. However, most of the mothers were already dead and we were able to study only 8 mothers, 6 of whom were the mothers of bitten individuals, including the mother of Bad 22. All the mothers were tested by Western blot and found seronegative for HTLV-1.
DISCUSSION
Our epidemiological and virological/molecular results demonstrate that a severe NHP bite is a major risk factor for HTLV-1 infection in hunters, particularly Pygmies, in rural areas of South Cameroon. Furthermore, some of the HTLV-1 strains present in hunters are very closely related to some of the Figure 2 . A, Nonhuman primate (NHP), responsible for the bites among 269 individuals, involved in this study. The monkeys concerned belonged to various species, mostly Cercopithecus nictitans, but also Cercopithecus cephus and, more rarely, baboons, mandrills, or other species. B, Distribution of the age of the reported bite among bitten individuals. Eleven persons were bitten twice either by the same species or by different NHPs. This includes: (i) 1 monkey and 1 gorilla (4 cases), (ii) 2 gorilla (3 cases), (iii) 1 monkey and 1 chimpanzee (3 cases), and (iv) 1 gorilla and 1 chimpanzee (1 case). For 3 among the 269 bitten individuals, for which the age at the moment of contact was not available, the average age (34.5 years) was assigned. Results from univariate analysis.
Abbreviations: CI, confidence interval; HTLV-1, human T-lymphotropic virus type 1; NHP, nonhuman primate. a Handicap takes into account the presence of sequelae following the accident, affecting the physical status of the participant, eg, a broken arm/leg; inability to walk or to move properly. b Gravity: as indicated in the "Materials and Methods" section (page 2), we assessed the relationship between bite severity and the risk of viral transmission, by assigning a score of 0 to 5 to each individual, taking into account wound severity, blood loss, need for hospitalization and presence of sequelae, such as scars and disability. Thus, gravity corresponds to this score including the 5 aforementioned factors and it goes from low to medium to high according to the occurrence of the 5 variables.
* P value Fisher exact values.
STLV-1 strains present in NHPs from the same areas [10, [12] [13] [14] [15] [16] . These findings raise the following questions:
Why is the Prevalence of HTLV-1 Infection High in People Bitten by NHPs and How can STLV-1 be Transmitted Through by NHP Bites?
In the population studied, individuals bitten by NHPs had a prevalence of HTLV-1 almost 6 times higher (8.5% vs 1.5%) than that of the matched not bitten subjects. Furthermore, the prevalence of HTLV-1 increased strongly with bite severity. These data thus strongly suggest that STLV-1 can be transmitted to humans via NHP bites. Such a mode of transmission has already been clearly demonstrated for infections with another zoonotic retrovirus in natural settings: SFV, which is highly endemic in several NHP species. Indeed, SFV is transmitted principally by monkey or ape bites [7, [22] [23] [24] [25] . This is consistent with the presence of SFVs principally in the saliva of NHPs, in vivo, with ongoing active replication in the oral mucosa cells [30] . STLV-1 mostly infects the peripheral blood lymphocytes of NHPs, including both apes and several monkey species in Asia and Africa [9] [10] [11] [12] [13] 18] . Several groups have clearly detected HTLV-1 in the saliva of infected humans, mostly in lymphocytes [31] [32] [33] [34] , but also in epithelial cells [32] . This has led to suggestions that lymphocytes in saliva can serve as vectors for HTLV-1 infection [35] . However, based on the inhibition of cell-to cell HTLV-1 transmission observed in the saliva, other authors have raised doubts about the possibility of frequent transmission of such viruses via the saliva in vivo [36] . However, the probability of STLV-1 being present in the saliva of infected NHPs is very high, but few studies have focused on the detection and characterization of STLV-1 in NHP saliva. Severe NHP bites favor contact between the body fluids in the mouth of the NHPs and the wounded or crushed tissues (muscle and bone) of the bitten human. If the animal is infected with STLV-1, the contaminating fluids may include saliva, but also probably a certain number of lymphocytes from infected blood originating from pre-existing small wounds/injuries in the mouth of the animal or caused, during the bite, by contact with small sharp pieces of broken bone, for example. More than half of the 23 bitten subjects with HTLV-1 infection were also infected with SFV. This high rate of HTLV-1/SFV co-infection strongly suggests that the two retroviruses may have been acquired simultaneously during the same biting incident. Indeed, for both viruses, higher bite severity was associated with a higher prevalence of infection.
What is the Frequency of STLV-1 Transmission by NHP Bites?
A key prerequisite for the cross-species transmission of STLV-1 is, of course, infection of the NHPs. Several large-scale studies have been carried out in South Cameroon, but the precise prevalence of STLV-1 in NHPs living in the wild remains difficult to appreciate [10, [12] [13] [14] [15] [16] . Indeed, prevalence may depend on the species, geographic location, type of troop and, importantly, the age and sex of the animals. STLV-1 prevalence generally increases with age. Finally, the number of animals tested, particularly those undergoing blood tests, remains small for each species. However, despite these biases, all the available published data concerning NHPs from South Cameroon indicates that C. agilis is the species most frequently infected, with a seroprevalence of STLV-1 of about 40% (62/158), followed by mandrills, with a seroprevalence of about 20% (7/34), and gorillas, with a seroprevalence of 16% (3/19) . By contrast chimpanzees, C. cephus and C. nictitans clearly have lower seroprevalences, ranging from 1.0% to 2.5% [10, [12] [13] [14] [15] [16] (Supplementary Table 3 ). Interestingly, HTLV-1 infection was observed in 17/82 (=20.7%) of the individuals bitten by a gorilla but in only 3/36 (=8.3%) of the individuals bitten by a chimpanzee. infecting humans in South Cameroon. Furthermore, similar or almost identical strains are endemic to apes (B), mandrills (D), and C. nictitans monkeys (D), living in these regions [7, 8, 10, [12] [13] [14] [15] [16] . Finally, the intrafamilial transmission of HTLV-1 B and D has been documented among hunter-gatherers in these areas [37] . It is therefore difficult to distinguish between cases of direct zoonotic transmission of STLV-1 and cases of consecutive human-to-human spread of such viruses. However, our results strongly suggest that some of the most severely bitten individuals with HTLV-1 infection may have acquired the infection through the bite, particularly for those hunters whose mothers were not infected. In another interesting study performed in rural Ivory Coast, Calvignac et al reported that the direct transmission of STLV-1 from NHPs to humans might account for a nonnegligible proportion of HTLV-1 cases (2/10 cases) [20] . However, the 2 study populations are quite different, with hunters accounting for only 11% of the population in Ivory Coast. Our findings, highlighting the high prevalence of HTLV-1 infection in individuals bitten by gorillas, confirms the critical role of these apes as potential reservoirs for emerging pathogens, not only retroviruses (some HIV-1 and HTLV-4 strains) [38, 39] but also parasites [40] in this area.
Field studies are currently underway in high-risk populations, such as hunters, to determine more precisely the other possible risk factors for such interspecies transmission of retroviruses. The surveillance of these groups will be crucial to prevent or improve the containment of new emerging microbes.
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